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Abstract
Coronal fan loops rooted in a sunspot umbra show outward propagating waves with a subsonic
phase speed and a period around 3 min. However, their source region in the lower atmosphere
is still ambiguous. We performed multi-wavelength observations of a clean fan loop system
rooted in a sunspot utilizing data from the Interface Region Imaging Spectrograph (IRIS) and
the Solar Dynamics Observatory (SDO). We explored the less studied property of frequency
modulation of these 3-min waves from the photosphere to the corona, and identified periodic-
ities in the ranges of 14–20 min, and 24–35 min. Based on our findings, we interpret that the
3-min slow waves observed in the coronal fan loops are driven by 3-min oscillations observed
at the photospheric footpoints of these fan loops in the umbral region. We also investigated
possible connections between the 3-min and 5-min oscillations observed at the photosphere,
which are still poorly understood. Our results provide clear evidence of magnetic coupling of
the solar umbral atmosphere through the propagation of 3-min waves along the fan loops at
different atmospheric heights.
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1. Introduction
Magnetohydrodynamic (MHD) waves and oscillations are widespread in the solar atmo-

sphere. The propagation properties of these waves were first reported by Ofman and Davila
(1997) in polar coronal holes, and by Nakariakov et al. (1999) and De Moortel et al. (2002a)
in coronal loops. Detailed information on their characteristics can be found in Khomenko and
Collados (2015), Banerjee et al. (2011, 2021), and Jess et al. (2023) for sunspot regions, coronal
hole regions, and the lower atmosphere, respectively, to name a few. Recently, numerous stud-
ies have been dedicated to identifying observational evidence of wave damping along various
structures in the solar atmosphere (e.g. Hahn et al., 2012; Morton et al., 2014; Gupta, 2014;
Krishna Prasad et al., 2014; Gupta, 2017; Grant et al., 2018; Gupta et al., 2019). Details about
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the current status of the wave heating mechanism of solar corona can be found in recent reviews
such as De Moortel and Nakariakov (2012), Van Doorsselaere et al. (2020) etc. Despite the
abundance of reports on the propagation and damping characteristics of waves in different lay-
ers of the solar atmosphere, observational reports on their generation and source regions remain
scarce.

In the lower atmosphere, sunspot regions generally show strong power in the 5-min os-
cillation bands and significant power in the 3-min oscillation bands at the photosphere (Bellot
Rubio et al., 2000). However at heights above the temperature minimum, 3-min oscillations
dominate over 5-min oscillations (e.g., Löhner-Böttcher, 2016). In the chromosphere, flashes
are observed at random locations in the umbra with a period of about 3 min (Beckers and Tallant,
1969). These flashes are often interpreted as signatures of upward propagating magnetoacoustic
shock waves (for further details, see Centeno et al., 2006).

In the corona, fan loops rooted in a sunspot umbra exhibit a continuous presence of propa-
gating disturbances with periods of about 3 min (e.g. De Moortel et al., 2002b). Similar propa-
gating disturbances with a period of about 15 min are also observed along structures in coronal
holes (e.g. DeForest and Gurman, 1998; Gupta et al., 2010). These propagating disturbances
have subsonic speeds and are often interpreted as propagating slow magnetoacoustic waves (e.g.
Kiddie et al., 2012; Gupta et al., 2012). These 3-min slow magnetoacoustic waves also exhibit
amplitude modulations with periods in the range of 20–30 min (Sharma et al., 2020) and fre-
quency modulations (Sych et al., 2012). However, observational evidence of their source region
is still very rare (e.g. Jess et al., 2012; Krishna Prasad et al., 2015).

In the sunspots, umbral flashes have been observed to influence the propagation properties
of various sunspot waves as noted by Sharma et al. (2017). Jess et al. (2012) observed that
coronal fan loops rooted in the umbral dots at the photosphere exhibit enhanced power in 3-min
oscillations. Krishna Prasad et al. (2015) concluded that 3-min slow magnetoacoustic waves
in the coronal fan loops are externally driven by photospheric p-modes. Conversely, Kobanov
et al. (2013) and Chae et al. (2017) found no evidence of photospheric and coronal connec-
tions. Recently, Rawat and Gupta (2023, hereafter referred to as RG23) carried out a detailed
investigation to identify the source region of 3-min waves and oscillations observed in the up-
per atmosphere. They provided a comprehensive understanding of their source region at the
photosphere.

In this study, we present a multi-wavelength analysis of the propagation of 3-min slow
magnetoacoustic waves from the photosphere to the corona along fan loop structures rooted
within a sunspot umbra. Coronal fan loops are characterized as steady, quiescent, and long
loops. Their thermal properties are described in Ghosh et al. (2017). Our primary objective is
to probe the source region of these waves in the photosphere, and thereby explore the magnetic
connectivity of the solar atmosphere. We achieve this by examining the less explored frequency
modulation properties of 3-min waves, which complement results provided by RG23. The
observational details are presented in Section 2, followed by the data analysis and results in
Section 3. We conclude with the discussion and summary in Section 4.
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Figure 1: Images of sunspot observed from different AIA, IRIS, and
HMI passbands, as labeled. The fan loop system is observed in the
AIA 171 Å passband. Identified loop locations are marked with aster-
isks (¿). Additionally, traced coronal loops are also drawn in the AIA
171 Å passband for visualization purposes only. Contours indicate the
umbra-penumbra boundary, as obtained from the HMI continuum im-
age.

2. Observations
We utilized multi-wavelength observations of a sunspot belonging to the NOAA 12553 ac-

tive region for a duration of four hours on June 16, 2016, starting at 07:19:13 UT. The sunspot
was observed by the Atmospheric Imaging Assembly (AIA; Lemen et al., 2012) and the Helio-
seismic and Magnetic Imager (HMI; Scherrer et al., 2012), both onboard the Solar Dynamics
Observatory (SDO; Pesnell et al., 2012), as well as by the Interface Region Imaging Spectro-
graph (IRIS; De Pontieu et al., 2014). The sunspot region is depicted in Fig. 1 for AIA, IRIS,
and HMI passbands as labeled. Additionally, we utilized data obtained from the AIA 193 Å,
AIA 304 Å and AIA 1700 Å passbands, as well as from the HMI Dopplergram for our study
purpose. Details on data preparation are provided in RG23.

3. Data Analysis and Results
Figure 1 shows the analyzed fan loop structures in the AIA 171 Å passband. Asterisks (¿)

indicate the coronal foot-points of fan loops in the AIA 171 Å image. The locations where
the loops appear to originate from in the coronal AIA 171 Å image are considered as the foot-
points of the loops in the corona. These locations are used as a reference for identifying the
locations of these loops in the lower solar atmosphere (further details on the methodology are
provided in RG23). Identified loop locations in the lower atmosphere are marked with asterisks.
In this study, we identified eight fan loops emanating from the sunspot umbra and labeled them
accordingly. Associated coronal loops are also drawn for visualization purposes only. While
we analyzed all the identified fan loop locations, we only present here results from loop foot-
point 6 as a representative example. Results from all the other loop foot-points are summarized
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Table 1: Frequency modulation periods (min) of the 3-min oscillations observed in various
fan loop locations at different atmospheric heights, as marked in Fig. 1.

Passbands (Å) loop 1 loop 2 loop 3 loop 4 loop 5 loop 6 loop 7 loop 8
AIA 193 14, 34 17, 34 15, 30 17, 27 18, 40 19, 26 19, 34 15, 34
AIA 171 15, 27 18, 34 15, 34 15 40 19, 34 20, 34 15, 34
AIA 304 20, 34 18, 30 15, 34 16 18, 40 18, 27 19, 30 34

IRIS 2796 13, 30 20, 30 18, 34 16, 28 40 18, 27 19, 30 16, 34
AIA 1700 16, 30 17, 30 17 14, 30 19, 40 19, 30 20, 30 24, 30

HMI continuum 17, 34 34 18, 35 13, 34 14, 30 17, 30 24, 40 20, 34
HMI Dopplergram 20, 30 27, 40 27 13, 30 14, 30 17, 34 20, 34 20, 40

Table 2: Frequency modulation periods (min) of the 5-min oscillations observed in various
fan loop locations at the photosphere, as marked in Fig. 1.

Passbands (Å) loop 1 loop 2 loop 3 loop 4 loop 5 loop 6 loop 7 loop 8
HMI continuum 30, 41 27 24, 31 22, 35 27, 35 22, 30 19, 27 24, 30

HMI Dopplergram 27, 41 40 19, 23 24, 35 17, 26 20, 30 27, 35 24, 30

in Tables 1 and 2.

Since we have detected significant power in the 3-min period band at each atmospheric
height studied here (see details in RG23), we utilize it for detailed investigation. We observe
oscillations in the form of unclean wave packets at the coronal foot-point of loop 6 as depicted
in the top panel of Fig. 2. This is due to several nearby power peaks present in the period band
of 2–3.8 min as explained in RG23.

3.1. Wavelet analysis

In the top panel of Fig. 2, we plot the 16-min background-subtracted light curve of the
loop 6 foot-point, obtained from the AIA 171 Å passband.

The 16-min background was obtained by applying an 80-point (16-minute) running aver-
age to the light curve under study. In the bottom-left panel of Fig. 2, we present the wavelet
power spectrum of the same background-subtracted light curve. To generate the wavelet power
spectrum, we utilize a tool developed in IDL® by Torrence and Compo (1998). The left panel
displays the wavelet power spectrum with time on the x-axis and period on the y-axis. This
graph clearly shows the changes in the oscillatory power over time. The cross-hatched area
within this panel is called the cone-of-influence (COI), indicating the region where the trans-
form is affected by edge effects. Oscillation periods in this region are considered unreliable. In
the right panel of Fig. 2, we present the global wavelet power spectrum, obtained by averaging
over the time domain of the wavelet transform.

We extract the 2–3.8 min period window from the wavelet power spectrum as indicated by
the blue colored box in the bottom-left panel of Fig. 2. This enables us to delve into the more
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Figure 2: (top) The 16-min background-subtracted light curve obtained
at the coronal foot-point of loop 6 from the AIA 171 Å passband. (bot-
tom left) The color-coded wavelet power spectrum of the background-
subtracted light curve with 99% confidence-level contours. The time
axis starts at 7:19 UT. Different color contours represent varying power
densities, with blue indicating the highest. The cross-hatched area de-
notes the cone-of-influence. (bottom right) The global wavelet power
spectrum. The thin black dashed line indicates the maximum detectable
period while the dotted line indicates the 99% confidence level. Periods
P1 and P2 are the locations of first two maxima in the global wavelet
spectrum. The over-plotted blue colored box indicates the period win-
dow extracted to obtain detailed information about the 3-min oscilla-
tions.

detailed properties of the 3-min oscillations as described in the following subsection.

3.2. Frequency modulations

To determine the frequency modulation of the 3-min waves, we initially derived the wavelet
spectrum of the background-subtracted light curves for all the passbands. We then smoothed
the wavelet spectrum by applying a seven-point running average along the time axis and a
three-point one along the period axis. From this smoothed wavelet spectrum, we extracted the
2–3.8 min period window. Within this subset we further extracted the period at which power
is maximum in each time frame. Following the same procedure, we obtained the period or
frequency variation of the 3-min oscillation with time at all the atmospheric heights. The varia-
tions of the period with time (i.e., frequency modulations) are plotted in the left panels of Fig. 3
for all the passbands, as labeled.
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Figure 3: (left) The frequency modulations of the 3-min oscillations
extracted from the wavelet spectrum for different passbands as labeled.
(right) The FFT power spectrum of corresponding frequency modula-
tion curves. Shaded regions in sky blue highlight the dominant modu-
lation periods observed at different atmospheric heights.
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Figure 4: Correlation coefficients for different time lags obtained be-
tween frequency modulation curves for different atmospheric heights,
as labeled. Purple lines indicate the error range.

We also obtained the FFT power spectrum of frequency modulations and plotted it in the
right panels of Fig. 3. In these panels, we can see that the dominant 3-min frequency modula-
tion periods are approximately in the 14–20 min and 24–35 min ranges, which are consistently
present in all the layers of the solar atmosphere. These modulation periods are depicted as
shaded regions in the right panel of Fig. 3. The similarity in modulation periods indicates that
the 3-min oscillations are essentially coupled together across the different atmospheric layers.
This provides clear evidence of upward propagating waves from the photosphere to the corona
along the observed fan loop locations. We furthermore notice that power peaks within the 24–
35 min shaded region are shifting towards the left for coronal heights. However, it is important
to notice that these shifts are within the error range and would require high-frequency resolution
data to deduce any significant shifts in modulation periods.

We also conducted a cross-correlation analysis on frequency modulation curves obtained
at different atmospheric heights with their nearest atmospheric layers. The resulting correla-
tion curves are presented in Fig. 4. The obtained correlations exhibit a similar pattern to those
obtained for amplitude modulations in RG23, although the correlation values are smaller. To
assess the reliability of the correlation coefficient values, we performed a randomization boot-
strap analysis (see details in RG23). We clearly see that correlation values are either above or
below the error range provided by the bootstrap analysis (shown in purple). We also noticed that
the correlation between the modulation curves decreases as we move into the lower atmosphere.
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For pairs of AIA 1700 Å and HMI continuum, and of HMI continuum and Dopplergram, cor-
relations are poor and fall within the error range. However, for the IRIS 2796 and AIA 1700 Å
pair, correlation is weak but exceeds the error range. Therefore, this analysis provides evidence
of magnetic connectivity of the solar atmosphere from the temperature minimum region (AIA
1700 Å) to the corona (AIA 171 and 193 Å). However, all frequency modulation curves show
similar modulation periods. Taken together, these findings provide clear evidence of magnetic
connectivity of the whole solar atmosphere.

3.3. Relation between the 3-min and the 5-min oscillations at the photosphere

Since both the 3-min and the 5-min oscillations are observed at the photosphere (e.g., Cen-
teno et al., 2006; Rawat and Gupta, 2023), we also obtained frequency modulations of 5-min
oscillation at the photosphere to examine any relation between the two oscillations. To achieve
this, we performed a similar wavelet analysis by selecting the period window between 4.1–
6.2 min. In Fig. 5, we present the frequency modulations of the 5-min oscillations as labeled
(panel a), and their respective FFT power spectrum (panel b). From the plots, we observe power
peaks between 19–24 min and 28–32 min periods, which are highlighted as shaded regions from
both the HMI continuum and Dopplergram, as labeled. Additionally, we notice a weak modu-
lation period of around 16–17 min in both passbands.

The correlation between modulations from both the HMI passbands for 5-min oscillations
is about 0.64 with a time lag of ≈ 24 s, as shown by the green line in Fig. 5(c). When comparing
the modulation periods of both 3-min and 5-min oscillations from Figs. 3 and 5(b), we observe
that longer modulation periods above 25 min and weaker modulation periods around 16–17 min
are present in both oscillations. Therefore, we conducted a correlation analysis to verify any
coupling between these modulations, and thus any coupling between 3-min and 5-min oscilla-
tions. In Fig. 5(c), we plot the correlation coefficients with respect to time lags obtained between
frequency modulations of 3-min and 5-min oscillations observed from the HMI continuum and
Dopplergram, as labeled. The maximum correlation coefficient between the modulations of
the 3-min and 5-min oscillations from the HMI continuum data is about 0.46 for a time lag of
≈ −24 s whereas the corresponding correlation obtained from the HMI Dopplergram data is
very small and within the error range. Here again, the error range is obtained from random-
ization bootstrap analysis as before. Therefore, these correlation values indicate poor or weak
connection between 3-min and 5-min oscillations at the photosphere. Hence, any connection
between them at the photosphere remains unclear, as also noticed by RG23, and thus demands
a dedicated study to explore their connection in detail.

We also performed a similar analysis on other fan loops identified in Fig. 1. A summary
of the frequency modulation periods obtained for 3-min and 5-min oscillations at various at-
mospheric heights for all eight loops are provided in Tables 1 and 2, respectively. Obtained re-
sults suggest more or less similar statistics as presented by RG23 from amplitude modulations.
Upon comparison, we find that periods of amplitude and frequency modulations exhibit similar
modulation periods, with at least one common modulation period observed at all atmospheric
heights. These results indicate that 3-min waves observed in coronal fan loops originate at the
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Figure 5: (a) Frequency modulations of the 5-min oscillations at the
photosphere as labeled. (b) The FFT power spectrum of correspond-
ing modulations. Shaded regions in sky blue color highlight dominant
modulation periods. (c) Correlations with respect to time lags obtained
between frequency modulations of the 3-min and the 5-min oscillations.
Green, blue, and orange lines show correlations obtained between fre-
quency modulation curves of the 5-min oscillations from the HMI con-
tinuum and Dopplergram, 3-min and 5-min oscillations from the HMI
continuum, and 3-min and 5-min oscillations from the HMI Doppler-
gram, respectively. Purple lines indicate the error range.

photosphere and propagate upward, based on the presence of at least one common modulation
period at all atmospheric heights (e.g., Krishna Prasad et al., 2015; Rawat and Gupta, 2023). We
furthermore find several common modulation periods between amplitude and frequency mod-
ulations at all atmospheric heights, implying that these modulations are also interconnected.
Moreover, we noted strong anti-correlations between amplitude and frequency modulations at
chromospheric heights (AIA 1700 Å or IRIS 2796 Å) for all the loops. The results from all the
loops again provide clear evidence of the magnetic connectivity of the entire solar atmosphere.

4. Discussion and Summary
In this work, we utilized less-explored frequency modulations of 3-min oscillations and

found modulation periods in the range 14–20 min and 24–35 min throughout the photosphere
to the corona along fan loops. These modulations are correlated with each other at different
atmospheric heights. Therefore based on our these findings, we conclude that 3-min waves
in the upper atmosphere are a direct result of 3-min oscillations observed at the photospheric
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umbral region similar to the findings of RG23. It should be noted that in the solar atmosphere,
density difference at different heights act as a barrier, causing a fraction of waves to be re-
flected back. Additionally, due to a decrease in density, steepening of amplitude takes place,
resulting in shock formation in the lower atmosphere. This also affects the correlation values
of frequency modulations between those heights. These effects are clearly observed in corre-
lations for passband pairs where sharp changes in densities are expected. Both of these results
strengthen our claim that 3-min waves observed in the coronal fan loops are driven by 3-min
oscillations observed at the photospheric foot-points of these fan loops within the umbra and
support the models of Fleck and Schmitz (1991) and Centeno et al. (2006).

Contrary views exist on any connection between 3-min and 5-min oscillations observed in
the solar atmosphere (e.g., Krishna Prasad et al., 2015; Chae et al., 2017). In this work, we found
a poor correlation between the modulations of 3-min and 5-min oscillations at the photosphere.
Therefore, any connection between 3-min and 5-min oscillations at the photosphere remains
ambiguous and is a topic of future interest and exploration. Moreover, during the analysis, we
also noted that in comparison to amplitude modulation, frequency modulation is a more direct
method to probe the connectivity of the solar atmosphere, especially to examine the connection
between 3-min and 5-min oscillations at the photosphere, as this relation or drift can be directly
observed and analyzed with the wavelet tools. However, we need better frequency and spatial
resolution data to explore these connections further.

In summary, we investigated the magnetic coupling of the solar atmosphere by analyz-
ing the frequency modulations of 3-min waves observed from the photosphere to the corona.
These 3-min waves exhibited periodic modulations in their frequency with periods of about
14–20 min and 24–35 min at all the altitudes. They also showed correlations at different at-
mospheric heights except at the photosphere. Results reveal that 3-min waves observed in the
coronal fan loops are driven by 3-min oscillations observed at the photospheric foot-points of
these fan loops in the umbral region. This finding underscores the magnetic coupling of the
entire solar atmosphere.
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